III-V semiconductor nanowires have proven their potential as nanoscale optoelectronic and photonic devices with high performance thanks to their unique advantages, such as superior optical and electrical qualities, 1-7 flexibility in forming different types of heterojunctions and band alignments, [8] [9] [10] and ability to be integrated on Si substrates despite mismatch in the latticematch constraints. 11, 12 In particular, they provide both a Fabry-Perot (F-P) microcavity and a gain medium for lasing to occur, and have been demonstrated in GaAs/Al1-yGayAs, GaSb, InP, InGaAs, GaN, ZnO, CdSe material systems. 4, 13-22 Moreover, efforts have been made to introduce quantum confinement in the nanowire to enhance its optical performance by incorporating quantum dot 23 and quantum wells (QWs) 24 in the nanowire or growing small diameter nanowires. 25 Radial QWs in nanowires confine electrons and holes in the radial direction and strongly increase the electron-hole wave function overlap. This architecture would be highly suitable for photonic and optoelectronic applications, such as light emitting diodes, 6, 26, 27 lasers, 24, 28 and ultra-fast photodetectors. 29 Thus, the growth of III-V QW nanowires has been extensively studied in the InGaAs/GaAs, GaAs/Al1-yGayAs, InGaAs/InP, InAs/InP, InAsP/InP, InGaN/GaN material systems. 24, 27, [30] [31] [32] [33] Unfortunately, growing high quality and uniform QW around the nanowire remains extremely challenging due to the anisotropic crystal growth and composition inhomogeneity. 34, 35 As a consequence, lasing has only been demonstrated to date in InGaN/GaN and GaAs/Al1-yGayAs QW nanowires. 24, 28, 36 The radial GaAs/Al1-yGayAs QW nanowire systems has been successfully developed thanks to the advantage of lattice matching between GaAs and Al1-yGayA layers, 31 and applied for near infrared LEDs, 6 ultrafast photodetectors 29 and laser diodes. 28, 36 However, the emitted photons from the GaAs QW have a higher energy than that of the GaAs core, leading to a high threshold modal gain required for lasing due to intrinsic absorption in the cavity. Therefore, more QWs are required to enable lasing, which increases the complexity of growing these structures significantly. Instead, replacing GaAs QW with a lower bandgap semiconductor could overcome this drawback since the core will not absorb the emitted radiation. Indeed, InGaAs/GaAs QW nanowires have been successfully grown and show good potential in optoelectronic applications. 9, 30 However, no attempts have been made on GaAs1-xSbx QW nanowires. In addition, the lateral growth behavior of GaAs1-xSbx has yet to be explored compared with their axial counterparts.
In this work, we study the growth and optical properties of GaAs1-xSbx/Al1-yGayAs QW structure grown on twin-free zinc-blende (ZB) GaAs nanowire cores. The growth behavior of GaAs1-xSbx QW is revealed in terms of faceting and compositional variations. The optimized QW nanowires show strong photoluminescence emission intensity, long carrier lifetime and high internal quantum efficiency at room temperature. In addition, cathodoluminescence (CL) spectra reveal uniform emission in the middle of the nanowire. Moreover, multiple peaks corresponding to the F-P cavity modes in the nanowire are observed in the PL spectra. Through spatial-spectral PL imaging, polarization dependent measurements and simulations, these amplified cavity modes are conclusively identified to be F-P cavity resonances of the TE01 guided mode. The observed high IQE and strong amplified PL emission from these QW nanowires demonstrate their promise for future low threshold infrared QW nanowire based lasers.
Methods
Nanowire growth was carried out in a horizontal flow metalorganic vapor phase epitaxy (MOVPE) reactor (Aixtron 200/4). The precursors used for Al, Ga, Sb and As were trimethylaluminum (TMAl), trimethylgallium (TMGa), trimethylantimony (TMSb) and arsine (AsH3). The total gas flow was 15 l/min with ultra-pure H2 as the carrier gas. First, taper-free GaAs nanowires were grown with 100 nm Au particles for 50 min using a standard two temperature process to guarantee its pure ZB phase. 37 Then, the growth temperature was raised to 600~750 °C to favor lateral epitaxy via the vapor-solid growth mechanism. An Al1-yGayAs shell with a nominal Al/(Al+Ga) ratio of 50% in the vapor phase was grown for 1.5 min before switching to GaAs1-xSbx QW and then the second Al1-yGayAs barrier layer growth. The growth time for each layer was 3 min. Finally, a GaAs capping layer was grown for 5 min to protect the Al1-yGayAs barrier from oxidation. All the radial layers were grown at the same temperature to avoid temperature induced compositional changes at the QW-barrier interfaces. 38 Al1-yGayAs layer was grown under a total V/III ratio of 103 and TMGa flow of 0.734×10 -5 mol/min. TMGa flow rate, AsH3/TMGa and TMSb/TMGa ratios for GaAs1-xSbx QW growth were 1.2×10
-5 mol/min, 1 and 0.75, respectively. The group III and V/III ratio used for GaAs capping layer were 1.62×10 -5 mol/min and 33, respectively.
After growth, nanowire morphology and crystal structure were examined by scanning electron microscopy (SEM, Zeiss Ultraplus) operated at 5 kV and transmission electron microscopy (TEM, JEOL 2100F) operated at 200 kV. The composition of the GaAs1-xSbx QW was determined by energy-dispersive X-ray (EDX) spectroscopy equipped in the TEM instrument. The detailed QW structure was revealed by high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) studies of the cross sectional lamellae (30 nm thick) prepared by ultramicrotomy. 39 The optical qualities of the QW nanowires were characterized by a home-built microphotoluminescence ( -PL) and time-resolved photoluminescence (TRPL) system. 40 Nanowires were transferred to a clean sapphire substrate mounted on the focus plane of the TRPL system. They were then excited by a pulsed laser with a wavelength of 522 nm, 300 fs pulse width and 20.8 MHz reputation rate, which is focused onto the sample through a 100× microscope objective lens (Nikon LU Plan, NA 0.9). At the laser repetition rate, 1 mW average laser power is equivalent to excitation pulse energy of 48 pJ. The spatial resolution of the system is limited by the spot size of the excitation laser, which is 0.3 µm for x (laser polarized direction) and For hybrid spatial-spectral mapping, an additional lens was inserted into the beam path to enlarge the laser beam to uniformly excite the nanowires. Nanowires were rotated and aligned parallel to the entrance slit of the spectrometer. 41 Thus, the spatial and spectral position can be distinguished in the hyperspectral image: the perpendicular direction (slit direction) represents the spatial position along the nanowire axis while the horizontal direction contains spectral information. For polarization-resolved PL experiments, a linear polarizer was inserted before the Si charge coupled device (CCD) detector with rotation accuracy of 0.3. During the experiments, the polarizer was rotated 10 for each PL spectrum. The system response for polarization-dependent PL results was calibrated using a GaAs substrate which should be polarization independent. In addition to PL, cathodoluminescence (CL) technique was used to examine the luminescence uniformity of the QW nanowires. For this purpose, nanowires were dispersed onto a p+ Si substrate. CL spectra were collected at 2 kV using Peltier-cooled Si CCD array detector in a FEI Verios 460 system. Both PL and CL spectra were collected at room temperature. time is increased to 16 min, the cross-sectional morphology of GaAs1-xSbx QW shows a truncated triangular shape with {112}A as the main facets (see Figure S1 in the Supporting Information). Here, the lateral growth of GaAs1-xSbx at high temperature presents a different growth behavior to that observed in GaAs1-xSbx nanowires, 42 showing {112}A instead of {110} side facets after long growth time. This result is in full agreement with a previous study of GaAs1-xSbx/InP core/shell nanowire system which reports the surfactant role of Sb in favoring {112}A facets. Composition determination in the Al1-yGayAs barrier layer and GaAs1-xSbx QW is carried out by EDX point analysis of a cross sectional sample where GaAs1-xSbx segment is grown for 16 min (see Figure S1 ). Sb and Al compositions in the GaAs1-xSbx segment and Al1-yGayAs barrier are quantitatively determined by comparing the Ga/As element intensity ratio in the EDX spectrum with the standard spectrum taken from GaAs core (See the method and EDX spectrum in Figure S1b for more information). For QW nanowires grown at 725 °C, the Sb and Al contents are measured to be 11% and 52%, respectively. Assuming that the lattice constant of Al1-yGayAs and Ga1-xAsxSb ternary compound satisfies Vegard's law, then the lattice constant of GaAs0.89Sb0.11 and Al0.52Ga0.48As is 5.702 Å and 5.657 Å, respectively, leading to 0.8% lattice mismatch between the QW and the barrier. This level of strain does not cause any dislocations at the interface, as confirmed by the fast Fourier transform (FFT) filtered high resolution transmission electron microscopy (HRTEM) image in Figure 1e . However it is worth mentioning that the moderate strain resulting from the lattice mismatch is still able to generate a few twin defects (twin density around 1~2 per micron) that propagate from the shell through the GaAs core (see Figure S2 in the Supporting Information). 44 Growth temperature is found to play a major role in affecting the growth rate and composition of the QW. The QW thickness increases with growth temperature, from ~1.9 nm at 650 °C to 4.5 nm at 725 °C (See the structural information in Figure S3 ). In terms of composition, the precursor flow used for the GaAs1-xSbx growth should result in ~40% of Sb in the tapered GaAs1-xSbx nanowires grown at 500 °C. 42 However, the Sb content in the QW is only 11% at 725 °C. Easier decomposition of the GaAs1-xSbx compound and As-Sb exchange in GaAs1-xSbx QW at higher growth temperature can leads to lower Sb content in the QW. 
Optical properties of the QW nanowires: high IQE
The optical properties of the QW nanowires show a strong dependence on the growth temperature, as depicted in Figure 2a -b. For nanowires grown at lower growth temperature (625 °C), the PL emission intensity is quite low. In addition, PL emission from both GaAs core (871 nm) and the GaAs1-xSbx QW (~910 nm) could be observed in some nanowires. With increasing of growth temperature, GaAs core emission gradually disappears while only QW emission is observed and its signal intensity increases rapidly with growth temperature, indicating that radiative recombination occurs predominantly in the QW under high growth temperature (above 650 °C). The PL emission enhancement with growth temperature is ascribed to the material quality improvement of either the Al1-yGayAs barrier or the GaAs1-xSbx QW. However, since Al1-yGayAs barriers and GaAs1-xSbx QW were grown at the same temperature, it is difficult to clearly separate their individual contribution. It has been shown that the optimum temperature for Al1-yGayAs layer is 750 °C. 46, 47 The strongest PL emission intensity for the GaAs1-xSbx QW nanowires occurs at 725 °C. The PL spectrum shift with growth temperature does not show a clear trend, as both blue and red shifts are observed (see Figure 2a) . Decrease of either the QW thickness or the Sb contents can lead to blue shift.
According to the above structural analysis (see Figure S3 ), QW thickness increases with growth temperature while the Sb content drops. These two factors have opposite effects on the spectrum shift, thus leading to an unpredictable spectral shift. Carrier lifetime measurements further confirm the effect of growth temperature on the optical quality of the QW nanowires, as shown in Figure 2b . When QW growth temperature is below 650 °C, the carrier lifetime is lower than the system resolution (~45 ps). Carrier lifetime is measurable (~90 ps) at 675 °C and quickly increases to 305 ps at 725 °C before dropping slightly to 287 ps at 750 °C. Native point defects exist during GaAs1-xSbx growth, leading to an unintentional p-type doping. 45, 48 However, these defects are not found to significantly weaken the luminescence intensity of QW nanowires. The long carrier lifetime together with strong luminescence of GaAs1-xSbx QW nanowires indicate excellent optical quality or high internal quantum efficiency (IQE). Applying our previous IQE determination method, 40 we did IQE analysis for single nanowire. In short, the emitted PL intensity can be expressed as:
where nrad and n0 represent carrier density involved in radiative recombination and initial carrier density generated by optical pumping which is proportional to the excitation power. By fitting the integrated PL intensity under different excitation power using equation (1), the IQE can be determined by IQE=nrad/n0. The power dependent PL spectra are shown in Figure S4 . There is only a small blue shift of the QW emission wavelength during power dependent measurements of over two orders of magnitude due to the lifting of the Fermi level by photogenerated carriers.
The power dependent integrated PL intensity fits well with the proposed model as shown in Figure 2c . IQE of nanowire increases rapidly with excitation power at low excitation power, reaching as high as ~80% at 0.5 W. With excitation power beyond 1.5 W, the measured IQE exceeds 90%. The high IQE and strong luminescence intensity demonstrate the excellent optical quality of the QW nanowires.
Luminescence uniformity in the QW nanowires
In nanowire growth, the emitted PL intensity and wavelength commonly varies along the length of the nanowire, particularly if they are ternary or quaternary materials. Similar to the observed non-uniform luminescence intensity distribution in nanowires, 35, 49, 50 CL emission intensity of the GaAs1-xSbx QW nanowire is weaker at both ends of the nanowire (Figure 3a-e) , especially at the nanowire top. This implies lower quality of the GaAs1-xSbx QW at bottom and top of nanowire, which is probably caused by local growth condition differences. Apart from that, emission intensity is uniform for the rest of nanowire. CL spectral mapping ( Figure 3e ) and the corresponding CL spectrum (see Figure 3f -g) reveals a slight spectral shift along the nanowire. Overall, the spectrum peaks at higher energy (1.404 eV (~883 nm) at nanowire top and gradually decreases to 1.371 eV (~904 nm) at the middle of nanowire and maintains fairly constant till the bottom end of nanowire. In particular, the emitted photon energy differs slightly in the radial direction of the nanowire (Figure 3e ). For instance, CL line scan across the QW nanowire reveals a spectral shift of 5 nm (Figure 3g ). Several factors may contribute to this effect. First, Sb content distribution in the QW can vary along the nanowire and changes in different growth directions due to anisotropic crystal growth. In addition, the QW thickness is not uniform in the nanowire as revealed by the cross-sectional HAADF-STEM image in Figure 1 . However, this spectral shift is very small compared with the large FWHM.
Amplified spontaneous emission and mode characterization
The high IQE, uniform luminescence distribution and F-P cavity formed by the nanowires leads to the observation of regularly-spaced multiple peaks in the spectrum for some nanowires (see Figure 2) . Indeed, for the QW nanowires grown at the optimal temperature of 725 °C, strong resonant emission is observed even at room temperature, showing great potential for lasing. Figure 4a shows a spatial-spectral PL image of a QW nanowire grown at 725 °C.
Through this image, the generation of amplified spontaneous emission (ASE) can be distinguished from the spontaneous emission (SE). Intense emission coming from the nanowire ends is observed at certain spectral positions, which confirms that ASE is due to F-P type resonant modes in the nanowire cavity. In contrast, SE is generated in the main body of the nanowire. In the hyperspectral image, each horizontal line represents a spectrum from different parts of the nanowire (along its axis). By integrating it, we obtain the total emission spectrum from different parts of the nanowire (the marked region in Figure 4a ), as shown in Figure 4b .
In the main body of the nanowire, PL emission mostly consists of SE with a broad emission peak around 840 nm (blue curve in Figure 4b ), which is likely from the GaAs core. The peak is shifted to shorter wavelengths because the carrier density in the GaAs core is large due to strong optical pumping and carriers overflowing from the QW. At both nanowire ends, strong periodic emission peaks (ASE) are observed in the wavelength range from 810 to 940 nm, which is ascribed to the longitudinal modes of the F-P cavity formed in the nanowire. The spacing between the peaks is between 13 to 15 nm. For F-P cavity in a nanowire, the mode spacing is determined by the following equation:
where is the average wavelength between two periodic peaks, L is the nanowire length and the n is refractive index of GaAs0.89Sb0.11. The nanowire length transferred to the sapphire substrate is measured to be around 5.3 m. In the wavelength range of 810-915 nm, the group index ng (
) of GaAs0.89Sb0.11 QW nanowire is estimated to be in the range of 4.9-5.1. 52, 53 Thus the calculated mode spacing in the above wavelength range is from 12.8-15.7 nm, agreeing well with the measured values. In GaAs1-xSbx QW nanowires, the bandgap of GaAs is larger than the GaAs1-xSbx QW emission energy, thus the GaAs core is transparent to the QW emission. As a result, the nanowire serves as a low-loss cavity and is the reason for the observed ASE even at low excitation. In QW nanowires, the emission couples to different cavity modes and shows different types of polarization characteristics. The coupling depends on the placement of the QW in the nanowire and the polarization of light emission from the QWs. To identify the mode preference in the GaAs1-xSbx/AlGaAs QW nanowires, numerical methods (Mode Solutions, Lumerical) are used to calculate the guided modes in the nanowire.
The nanowire heterostructure is modelled using dimensions measured from cross-sectional HAADF-STEM images. The nanowire has a hexagonal cross-section and is lying on a sapphire substrate. GaAs core diameter is set as 100 nm. The inner and outer Al1-yGayAs barrier is determined to be 33 and 38 nm, respectively. QW thickness variation is ignored during the modelling and an average value of 4.6 nm is used. The GaAs capping layer is 16 nm. Material parameters for GaAs, GaAs0.89Sb0.11 and sapphire are obtained from literature 54 and the mode free-space wavelength is 894 nm.
From simulations, two possible modes are supported, TE01 and HE11b, as presented in Figure 4c -d. For TE01 mode, the mode intensity is mostly localized in the middle between the core and GaAs capping layer, strongly overlapping with the QW layer. HE11b mode is another possible cavity mode. The intensity of HE11b mode is mainly concentrated in the GaAs core and shows much less overlap with the QW gain medium. In addition, HE11b mode has lower reflectivity from end facets than TE01 mode (from simulations). 4 As a consequence, TE01 mode will be amplified more compared with HE11b mode. Thus, the ASE peaks observed in the measurements can be assigned as emission from the TE01 mode. Since the polarization dependent intensity of the cavity mode shows different trends, it can be used to further clarify the supported mode in the nanowire. We performed finitedifference time-domain (FDTD) simulations using a commercially available software package (FDTD Solutions, Lumerical) to obtain the far-field profile of different guided modes. In these simulations, guided modes supported in the nanowire are injected along the nanowire axis and a monitor is placed above the nanowire to record the near-field mode profile. 55 The far-field mode profile is calculated from the near-field data using numerical methods. The components of the electric field parallel and perpendicular to the nanowire are then calculated from the farfield profiles. The mode polarization determined from the simulations is then compared with experimental results. During the simulation, the horizontal direction is parallel to the nanowire.
The simulated polarization characteristics of three different modes in the nanowires are shown in Figure 5 .  . Therefore, the measured ASE  should be larger than the theoretical value. If it is HE11b mode,  must be larger than -0.29, which disagrees with our experimental results. As a consequence, the observed ASE in the GaAs1-xSbx QW nanowires can thus be confirmed to be the TE01 mode. The experimental results show a slight discrepancy to the simulated TE01 mode, since the nanowire end facets are not that sharp as modelled in the simulation and the experimental results contain contribution from spontaneous emission.
Due to the strong overlap between the TE cavity mode and the QW gain region, ASE can be observed at room temperature at low excitation fluence. The occurrence of ASE suggests good optical cavity and high internal quantum efficiency of these QW nanowires, and is promising for lasing. It has been demonstrated in GaAs/AlGaAs QW nanowire lasers that the cavity loss due to photon absorption in the GaAs core and capping layer is significant, resulting in large cavity loss (or threshold modal gain). 36 In our GaAs1-xSbx QW nanowire, absorption is avoided since the QW emitted photon energy is smaller than the band gap of bulk GaAs, so these nanowire cavities are predicted to have lower loss (or threshold modal gain) than GaAs/AlGaAs QW nanowire lasers. The mode quality factor (Q) is determined by fitting the PL spectrum with Lorentzian function (See Figure S5 for detailed information). Even though, the QW thickness variation reduces the material gain and thus is not favorable for obtaining nanowire lasing, the obtained highest mode Q factor in this work is 145 under excitation power density of 140 W/cm 2 , which is much larger than those in the InGaAs/GaAs quantum nanowires measured at 80 K. 30 The threshold gain (gth) required for lasing can be calculated by the following equation:
where λ and Γ represent lasing wavelength and mode confinement factor, respectively.
Here is chosen as 894 nm. ng and Γ for TE01 mode are estimated to be 5 and 0.05, respectively. The obtained gth is 4.8×10 4 cm -1 , which is ~9 times larger than gth in GaAs/AlGaAs multi-QW nanowire lasers. 36 Consequently, increasing the laser pumping power only results in saturation of ASE together with blue shift of the whole PL spectrum instead of lasing. The large gth is due to the small Q and Γ in our nanowires. The threshold gain can be reduced by increasing the number of QWs (to increase the modal gain) and by increasing the length of the nanowire (to reduce the mirror loss). According to calculations, a minimum of 3 QWs are required for roomtemperature lasing, provided that the MQWs have uniform thickness, are uncoupled and are placed such that the overlap between QW and TE01 mode is maximum. 36 However, a large amount of work on growth optimization is required to achieve this goal, since the growth conditions for a multi-QW structure can be quite different to those of a single QW nanowire.
For instance, it has been demonstrated that the GaAs QW growth rate varies with nanowire diameter.
36

Conclusions
In conclusion, high quality strained GaAs0.89Sb0.11/Al1-yGayAs QW nanowires have been grown and optimized via MOVPE. Despite the strain induced twin formation in the QW nanowires, the interface between GaAs0.89Sb0.11 and the Al1-yGayAs layer still remains coherent, resulting in high optical quality. The QW growth rate/thickness increases with growth temperature while the Sb content in the QW shows a decreasing trend, leading to complicated dependency of the PL spectrum shift with growth temperature. Moreover, there is a difference in polarity dependent crystal growth between GaAs and GaAs1-xSbx.
[112]B is the slowest growth direction for GaAs but the fastest for GaAs1-xSbx. After sufficient growth time of GaAs1-xSbx QW, the side facets evolve gradually from {110} to mainly {112}A facets.
The optical quality of the GaAs1-xSbx QW nanowires improves significantly with growth temperature until 725 °C where a strong PL emission around 903 nm is observed at room temperature with carrier lifetime of 305 ps and high IQE at low excitation power.
Luminescence is rather uniform along the nanowire with insignificant peak wavelength variation in the spectrum. Hybrid spatial-spectral mapping shows strong ASE at both ends of the nanowire in the wavelength range of 810~930 nm and uniform SE from the nanowire body.
Resonant emission peaks are caused by the longitudinal mode of the F-P cavity. Resonant PL emissions are strongly polarized perpendicular to the nanowire. Simulation shows strong overlap between the TE01 mode and QW region. Polarization dependent PL and simulation results confirm that the periodic peaks are TE01 mode. These high quality GaAs1-xSbx QW nanowires are a promising candidate for low threshold QW nanowire lasers.
Supporting Information Available:
Crystal structure and optical properties of GaAs0.89Sb0.11 QW nanowires.
This material is free of charge via the Internet at http://pubs.acs.org/.
(1 
